We exploit the detail-independence feature of thermodynamics to examine issues related to the development of obesity. We adopt a 'global' approach consistent with focus on the first law of thermodynamics -namely that the metabolic energy provided by dietary foodstuffs has only three possible fates: the performance of work (be it microscopic or macroscopic), the generation of heat, or storage -primarily in the form of adipose tissue.
| INTRODUCTION
Given the generality and inviolability of its laws, it is a pity that the subject matter of thermodynamics is often opaque to biologists, in general, and to the study of obesity, in particular. It is thus not uncommon to read, in both the popular press and academic journals, 1 either that thermodynamics does not apply to the human diet, obesity or weight loss, or that its applicability is restricted. 2 In the following, we take a broad-brush approach to the applicability of thermodynamics to issues of body weight and its loss or gain, capitalising on what is perhaps the greatest virtue of thermodynamics -its detailindependence. This feature allows us to ignore the myriad biophysical and biochemical details underlying digestion, absorption and metabolism of foodstuffs, while following a general 'energy input-energy output' framework.
We commence with a brief summary of energy input, emphasising the counter-intuitive consequences of the toroidal structure of the body: whereas ingestion of food places it within the gastrointestinal tract, the food is still topologically on the external surface of the body.
The ingesta is kneaded, mixed and reduced to a slurry in the proximal length of the tract. Digestion and absorption occur more distally. It is the absorption of molecular forms of carbohydrates, fats and amino acids out of the gut which ultimately allows the production of biochemical energy, in the form of ATP, available for the electrical, osmotic and mechanical work (both microscopic and macroscopic) necessary for life. These preliminary notions are shown schematically in Figure 1 where it is explicitly acknowledged that components of ingested food that are not digested proceed distally, bypassing the absorption step, to be eliminated.
Ingestion, mastication and transport of food along the gastrointestinal tract, whether eventually absorbed or eliminated, requires the performance of work by both skeletal and smooth muscle. Being muscular work, both muscle moieties are ATP-dependent. Absorption of nutrients out of the lumen may be either passive (ie down a diffusion gradient) or active (ie ATP-dependent).
| OBESOGENIC CONTRIBUTIONS OF THE UPPER GASTROINTESTINAL TRACT
All three proximal actions of the gastrointestinal tract (shown as boxes in Figure 1 ) play a role in contributing to, or avoidance of, obesity.
Ingestion is the primary locus of risk that energy input exceeds energy output, thereby ineluctably risking the slow descent into obesity. Regardless of this most fundamental of risks to the development of obesity, thermodynamics has nothing to say regarding its social, emotional or psychological constraints.
Digestion has recently received increasing attention, especially with regard to the role of gut microbiota. Whereas the direction of cause and effect between alteration of intestinal microbiota and obesity has been questioned, 3 and a recent meta-analysis of ten published studies found only weak association between obesity and intestinal microbiota in over 2700 human subjects, 4 the results of a recent interventional investigation are more promising. Chen et al. 5 have demonstrated that presentation (via the drinking water) of therapeutically modified bacteria inhibits weight gain and fat deposition in mice fed a high-fat diet. Of particular note was the associated diminution of food ingestion.
Absorption can be thwarted either voluntarily (as in bulimia) or involuntarily by any stimulus that either induces vomiting or promotes diarrhoea. But of far greater incidence (and appeal) is surgical intervention -gastric banding or gastric bypass -specifically aimed at reducing absorption in morbidly obese patients. 6, 7 A variety of gastric bypass procedures exist with arguably the most effective 8 being
Roux-en-Y, since it not only completely bypasses the duodenum but has the ancillary advantage of greatly reducing the volume of the stomach and, hence, the size of the meal that can be comfortably ingested. Furthermore, Roux-en-Y gastric bypass produces larger and more favourable alterations of gut microbiota, quantified in terms of remission of diabetes. Post-absorptive elimination is exemplified by the appearance of glucose in the urine of diabetic individuals, for example.
| THERMODYNAMIC LINK BETWEEN ABSORPTION AND BIOCHEMISTRY
As a consequence of absorption of digested foodstuffs, biochemical potential energy has been transferred from outside to inside the body in a form that can be utilised in cellular processes. Energy that is not preserved in product molecules or converted into work appears instead as heat.
An activity that dramatically increases the use of ATP, and thus metabolic substrate, is physical exercise. Whereas it is obvious that the performance of exercise at any intensity requires the expenditure of energy, we wish to focus on its consequence for weight loss per se.
An upper bound on the contribution of exercise to weight loss can be estimated by quantifying the metabolic effects of brief periods of extreme performance. We offer an 'upper bound' example -deliberately chosen because it excludes participation by the untrained and certainly by anyone who is obese. We follow that extreme example with one that is achievable by an overweight or obese individual.
| PHYSICAL EXERCISE AS AN AGENT OF WEIGHT LOSS
Exercise of any duration or intensity is dependent on a continuous supply of ATP -largely from aerobic metabolism. Aerobic metabolism takes place exclusively in the mitochondria and is indexed as the P:O ratio. The current consensus is that 1 mole of glucose yields 31 moles of ATP while consuming 6 moles of oxygen, and 1 mole of palmitate Once again, we are forced to conclude that, whereas exercise is unquestionably an agent for weight loss, it is not as helpful as is commonly imagined.
This conclusion is supported by the results of a cleverly-designed (2 × 2 factorial) randomised, controlled study of 52 obese men, in which regular exercise ("brisk walking or light jogging") was undertaken for a period of 3 months in either the presence or absence of dietary restriction. 12 In the absence of dietary intervention, exercise alone was without effect in reducing whole-body weight (see the Authors' Table 1 ). The 'diet' group was instructed to reduce food intake by the equivalent of 700 Kcal/day. This resulted in an average loss of body weight of 7.7 kg over the 3 months period. The 'diet + exercise' group, which reduced food intake to the same caloric extent, but also exercised, lost an average of 7.4 kg, consistent with the interpretation that its average weight loss benefit was primarily due to caloric reduction.
A similar experimental design was adopted by Racette et al., 13 but in a study of non-obese middle-aged men and women. Forty-eight volunteers were randomly assigned to either a 20% calorically-restricted diet, a level of exercise designed to produce a similar deficit of energy, or a control group, for a period of 1 year. Whereas weight reduction was greater in the 'diet' group, this may have reflected the fact that the 'exercise' group was able to achieve only 60% of the specified exercise.
It is a pity that no 'follow-up' was undertaken in either of these randomised, controlled studies since, as discussed in the comprehensive review by Chin et al., 14 there is evidence that the combination of food restriction and exercise assists with the maintenance of weight loss.
| THERMODYNAMICS AS RELEVANT TO OBESITY AND WEIGHT LOSS
In its usual (engineering or physics) formulation, the first law of thermodynamics equates energy to the sum of work (W) and heat (Q), where work is commonly of the pressure-volume sort, as in the cylinder of a steam engine or motor car. A numerically trivial, but conceptually important modification is required for biology, since biochemical reactions (whether in a test-tube or in a cell) take place at constant pressure. Specifically, for the case of palmitate, where there is a difference between the volume of O 2 inspired and CO 2 expired, then pressure-volume work must be performed against the atmosphere.
The magnitude of this component of work is negligible compared to the pressure-volume work of the heart, for example. 15 The energy available from a constant-pressure reaction is called 'enthalpy' and is given the label 'H'. (Note that nothing can be said about the absolute value of H [which is, presumably, enormous], only its difference from before to after some event: higher after a meal has been digested, lower after a bout of exercise.) The amount of energy exchanged during a reaction is simply the difference of enthalpy content before and after the reaction: (H after −H before ) = ΔH, so the first law of thermodynamics, as relevant to biology, becomes:
In the example given in Equation 2, ΔH is the enthalpy available from the combustion of 250 g of adipose tissue in the form of palmitate.
Note that, in a situation where no work is performed, then the entirety of enthalpy would appear as heat. And note, further, an inherent asymmetry: it is not possible to convert all of the enthalpy into work since that would imply the existence of a mechanism operating at 100% thermodynamic efficiency -in contravention of the second law of thermodynamics and tantamount to a perpetual motion machine.
In Figure 2 , we complete the schematic representation com- Digestive thermogenesis describes the post-prandial generation of heat (and, commonly, increase of body temperature) associated with digestion and absorption. It generally commences shortly after a meal, lasts for upwards of 6 hours and accounts for some 10% of daily energy expenditure. 16 Those poikilothermic species whose dietary habits are characterised by infrequent meals of large volumes may experience an increase of surface temperature in excess of 1°C. 17 But regardless of species, detailed knowledge of the underlying exothermic biochemical reactions remains wanting, although in humans, the nutrient-dependent extent of digestive thermogenesis is presumed to increase in the order: fat, carbohydrate, protein and alcohol. 16 Whereas citizens of the First World not infrequently
experience disturbed slumber in response to overheating in consequence of overeating, digestive thermogenesis is but one example of insensible heat loss -albeit one that aligns better with weight gain than with weight loss.
| INSENSIBLE WEIGHT LOSS
It is instructive to compare the metabolic requirement of the threehour period of intense exercise by the marathoner with that of the remainder of the day. For the purpose of exemplification, let us imagine that it consists of 8 hours of sleep at a 'basal' rate of oxygen consumption of 250 mL/min and the balance, 13 hours, at a rate of 500 mL/min, corresponding to the lower boundary of 'moderate work'. 18 Applying the same logic as adopted in Equation 2, we arrive at an estimate for the combined periods of low activity of 236 g of palmitate metabolised -a value almost identical to that of the 3 hours period of high-speed running of a marathon, again underscoring the modest effectiveness of even intense physical exercise as a means of losing weight. This somewhat counter-intuitive conclusion is portrayed schematically in Figure 3 , where the combined areas of the horizontal rectangles approximate that of the vertical rectangle. Thus, an individual for whom obesity precludes adoption of a planned exercise regime could take some solace from the knowledge that weight loss occurs continually between snacks.
As mentioned above, there is no absolute requirement for work to be performed in order to lose weight, provided that heat is produced from non-digestive sources. Such is the case in a number of normal physiological situations.
Cold-induced (non-shivering) thermogenesis describes the physiological (ie non-behavioural) response to a reduction of deep-body tem-
perature, commonly following a reduction in temperature of exposed skin. The immediate response is peripheral vasoconstriction, thereby reducing the rate of loss of heat. But a slow gain of heat ensues from the phenomenon of non-shivering thermogenesis. This response, first documented in cold-acclimated rats, 19 is relatively blunted in humans 20 compared to Arctic and hibernating animals, but is by no means inconsequential in man. 21 It shares a common (although clearly not unique 22 ) source across vertebrate species: uncoupling of oxidative phosphorylation in brown-fat mitochondria. 23, 24 When the role of brown adipose tissue was first revealed, it was hoped to be harnessed as a means of preventing or reversing obesity. 25 Its mechanistic basis, enhancement of mitochondrial proton flux (thereby short-circuiting oxidative phosphorylation, producing heat in the absence of ATP hydrolysis) was revealed soon after 26 as was its complex regulation by the sympathetic branch of the autonomic nervous system. 26, 27 The enhancement of mitochondrial proton flux is now known to be triggered by so-called 'uncoupling proteins': UCP-1 in brown adipose tissue, UCP-3 in skeletal muscle. Over-expression of human UCP-3 in mice has been shown to be capable of elevating the basal metabolic rate by 25%, resulting in reduced deposition of abdominal fat and decreased body weight -despite attendant hyperphagia. 28 Clearly, body mass can be manipulated by varying metabolic rate as well as by rebalancing the input-output relation.
Although mitochondrial uncoupling did not live up to its initial promise as a method of avoiding exercise while burning fat, the idea remains attractive as the basis for a prototypical pharmacological intervention. To that end, a recent publication, using cell culture techniques and high-throughput phenotypic screening, has revealed a F I G U R E 3 Stylised representation of three rates of oxygen consumption (VO2) during a single day comprising: 8 hours of sleep (at a basal metabolic rate of 250 mL/min; dotted lines), 13 hours of sedentary work and relaxation (at a rate of 500 mL/min; dashed lines), and a 3 hours marathon (at a rate of 3000 mL/min; solid lines) F I G U R E 2 Schematic representation of the thermodynamics of the gastrointestinal tract. The absorbed components of the digesta leave the gut lumen and eventually enter the blood-stream. Sugars, fats (and, to a lesser extent, amino acids) have unique values of enthalpy (ΔH) that can be exploited for cellular ('Micro') or whole-organ ('Macro') work, with unavoidable production of heat, or can be stored (see Text for further details)
small molecule capable of reprogramming myoblasts into brown adipocytes. 29 Even more encouragingly, oral administration of the agent reduced the rate of gain of weight in treated mice vis-à-vis that of untreated controls. But it is important to emphasise that, should such a putative medical intervention eventually be approved for human use, its action would not violate the laws of thermodynamics. Rather, it would exemplify the definition of 'enthalpy': heat production by a chemical reaction at constant pressure when no work is performed (see Equation 3 ).
Shivering thermogenesis stands at the boundary between insensible and sensible heat loss since it often commences insensibly prior to reaching consciousness. Induced by exposure to cold air or cold water, shivering thermogenesis is the principal contributor to heat production 21 and can reach an astounding 40% of maximal oxygen consumption. 30 The ATP required for this example of uncoordinated muscle contractions necessarily arises from the oxidation of metabolites. It was originally presumed that carbohydrates and fats were the principal contributors but Haman et al. 31 have determined that, especially when myoglycogen stores are low, protein catabolism can contribute upwards of 20% of total thermal output. Since there is no net external work performed, shivering thermogenesis provides yet another example of 'pure' heat production in accord with the First Law (see Equation 3 ).
| ENTHALPY STORAGE
Enthalpy generated by the metabolism of foodstuffs can be stored in many forms. At the microscopic level (shown by the lower limb of the 'Absorption-ΔH-Storage-Micro' pathway in Figure 2 ), storage can be visualised as both glycogen particles and lipid droplets, especially in myocytes from striated muscles where the latter may occupy upwards of 15% of sub-sarcolemmal volume. 32 The total enthalpy contribution from these two sources is modest -albeit not without consequences to health if excessive. Of more immediate concern is macroscopic storage, which results when ΔH supply (in the form of food intake)
exceeds ΔH demand (in the form of work or heat production), as shown schematically by the thick dark lines in Figure 2 .
Benign enthalpy storage is best illustrated by physiological growth during pregnancy and throughout the transition from infancy to adulthood. During the latter lengthy period, the growth of the skeleton and organs requires that food intake exceeds the demands of external work but be adequate for the microscopic work of hypertrophy and hyperplasia that underlies the increase of body mass. If food intake fails to meet this demand, especially during infancy and early childhood, then life-long, deleterious, consequences may result. An average 5.6% loss of body weight of the adult population ensued and the prevalence of obesity halved from the already low rate of 12%. 37, 38 Further evidence arises from the return to pre-crisis health status in parallel with the subsequent economic recovery. 39 Whereas it is not possible, especially retrospectively, to separate the contributions to the population statistics of exercise and caloric intake before, during and after Cuba's 'Special Period', the preceding discussion leads us to hypothesise that the dominating role was likely that of caloric 
| CONCLUSION
We anticipate that our blunt assertion, that obesity is primarily the consequence of a mismatch between enthalpy intake and enthalpy expenditure, will meet with denial (at best) or opprobrium (at worst) among many workers in the field. Whereas we cannot support claims of large direct benefits of exercise with respect to weight loss, we are well aware of its indirect benefit via improvement of self-image and, hence, culinary self-restraint. 14 We are likewise aware of the beneficial effects of regular exercise on the heart and cardiovascular system, [41] [42] [43] as well as its increasingly understood benefits among the aged. 41 , 44 And we do not wish to imply that dietary supplements such as fish-oils, 45 soy protein, 46 or mulberry extract 47 or pharmacological intervention (be it via short-circuiting of the mitochondrial electrontransport chain, 47 or via a non-hazardous appetite suppressant) are doomed to fail. We likewise acknowledge the benefits of sustained support and encouragement by providers of primary care, 48 ,49 despite ethical concerns. 50 What we do stress is the elephant-in-the-roomnamely, dietary overindulgence. We see the 'over' in 'overindulgence' to have arisen from the unfortunate conflation of two developments over the past several decades, particularly in the 'developed world':
the vastly increased mechanisation of manual work (hence, reducing the requirement for high energy input) and the historically unique ready availability of calorie-laden fast-food. At both the personal and societal levels, we have failed to adjust to these changes. The result is twin epidemics of diabetes and obesity.
We have deliberately chosen to avoid engagement in the debate regarding the propriety or validity of genetic screening for 'obesity genes' or their pairing with proclivity for exercise. [51] [52] [53] Furthermore,
we recognise the near-impossibility of adherence to any of the plethora of 'fad' diets available in the popular press, although we are less dismissive of the philosophy of Weight-Watchers (or, equivalently,
Alcoholics Anonymous).
Some minor extent of weight loss might be achieved by reducing the set-point of the living-room thermostat, thereby activating non-shivering thermogenesis, 20 or by designing patient-specific diets, or by reducing the fructose content of soft drinks -if necessary, by government fiat. 54 More pessimistically, we expect that the current epidemic of obesity will be blunted only when those of us genetically disposed to inactivity and overindulgence recognise it as a life-sentence and respond with Sisyphean resignation, dooming our adult years to repeated departures from the meal-table on the hungry side of the ledger, while striving to minimise lengthy periods of inactivity.
